Abstract Prolonged and high intensity rainfall often saturates urban drainage systems and generates urban pluvial flooding, resulting in hazardous flash floods. The city most affected by urban flooding in Colombia (South America) is Barranquilla since lacks a proper storm water drainage system. Heavy rainfall produces flash floods to quickly become torrential streams that flow down the streets endangering pedestrians. This research describes a lowcost early warning system (EWS) to detect in real time the hazard level of a stream in an ungauged basin. The EWS indicates whether it is safe or not for pedestrians to cross a flooded street, based on certain criteria used to assess the hazard level of the torrent. A hydrological and hydraulic model calculates the flow, velocity and water level in all cross sections along the stream. The model uses only real-time measurements of rain gauges and topographic survey data to determine the hazard level. Finally, a wireless sensor network sends the alert to a web platform and warns the community in real time.
Introduction
Flash floods are phenomena that take place in basins of up to hundred square kilometers as a result of heavy rainfall (Borga et al. 2007 ). Man-made factors such as paved surfaces and reduced urban vegetation and green areas prevent the absorption of water and tend to increase runoff levels during storms (Sunkpho and Ootamakorn 2011; UCAR 2010) . Flash floods have negative impacts on the life, work, business, education and infrastructure of the
Hazard level criteria
The top priority during a heavy rainfall episode is to protect people's lives. In addition, it is necessary to provide an efficient drainage system to prevent the flooding of properties and interruptions of vehicular traffic (UDFCD 1969) . The morphological characteristics of the channel and hydraulic parameters, such as water level, water velocity and combined effect, are responsible for the loss of stability of pedestrians when trying to cross hazardous streams and may be washed away with potential injuries and fatalities. If these parameters exceed the safety levels, an alarm system must warn the community about the imminent danger. Currently, there are few references of projects that define the hazard levels of urban flooding for pedestrians, or even discussions on criteria to establish such thresholds. Gomez (2007) describes two types of criteria to determine the hazard level of a stream for pedestrian. The first criterion is the maximum allowable water level in the streets before the water begins to spill into buildings and homes. Table 1 illustrates the criteria in this group.
The second set of criteria consider the combined action of water level and velocity. Table 2 summarizes the criteria that define flood hazard zones taking into consideration the maximum allowable values for water level, velocity and the combination of both parameters.
In the above table, the last row (Martínez-Gomariz et al. 2016 ) sets the strictest threshold for pedestrians exposed to hazardous water flows. This is the level we have selected for the EWS described in this paper. If the product of velocity times water level exceeds the threshold of 0.22 m 2 /s at a given observation point, it is then dangerous to cross it. Martínez-Gomariz et al. (2016) determined the hazard level criterion by setting up an experiment. A physical model of a typical urban street cross section was constructed with a width of 1.6 m, a fixed 2% transverse slope and longitudinal slopes that vary from 0 to 10%. In addition, the physical model introduced a curb with maximum depth of 15 cm, as specified in the most common urban codes. Likewise, the model used a sidewalk to street interface to evaluate the stability of pedestrians when taking the first step from the sidewalk into the flooded street. Figure 1 depicts the physical model.
In this model, the activation of a series of three pumps generated different flows. Pumping capacity varied from 105.49 up to 544.84 l/s when all three pumps were activated. An acoustic Doppler velocimetry (ADV) device measured five velocity profiles across the model of the testing section. Those five profiles were applied for sixteen flow scenarios resulting from the combination of 4, 6, 8 and 10% slopes and 300, 375, 450 and 550 l/s discharges. The experiment used 26 people: 16 women, 5 men and 5 children. Their ages ranged from 6 to 55, with weights from 37 to 71 kg and heights from 1.32 to 1.73 m. The test was carried out using the protocol established in Russo (2009) and the classification of hazard level was based on the following criteria:
• High hazard The tested subject lost stability completely.
• Medium hazard The tested subject displayed a great deal of difficulty in completing the protocol.
• Low hazard Small or non-estimable instabilities were observed.
Based on the results for the high hazard level, the hazard threshold for pedestrians is the product of vy = 0.22 m 2 /s. This value is lower than other criteria used to evaluate the stability for pedestrians exposed to water flows in urban areas. Figure 2 illustrates the threshold for the classification of hazard level and the stable zone for pedestrians found by Martínez-Gomariz et al. (2016) .
The hydrological and hydraulic properties of the streets are based on an artificial open channel whose primary coating material is concrete. Experimental study of the stability of pedestrians exposed to urban pluvial flooding
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In the city of Barranquilla, the streams have not only swept away people who try to cross the street but vehicles whose drivers defy the stream force, not knowing the danger. The variables involved in establishing the loss of the vehicles stability exposed to dangerous streams are similar to the established one for the pedestrians. In addition to the hydraulic variables of the canal, such as the water level and velocity, it is necessary to take into account the physical characteristics of the vehicle such as weight, shape and design (Martínez-Gomariz et al. 2017) .
In order to provide a tool for decision making for drivers exposed to urban floods, Martínez-Gomariz et al. (2017) carried out an experimental campaign to obtain a general method to define the stable area in the flow depth domain for any vehicle. This campaign included a range of twelve car models with different scales (1:14, 1:18 and 1:24). This study established the pair values of water depth-velocity relation v*y (m 2 /s) for each model. Table 3 shows the car classification and the relation v*y (m 2 /s) using the United States National Highway Traffic Safety Administration (NHTSA) criteria that separate vehicles into classes by the curb weight.
The reaction time a driver needs to make a timely decision regarding the danger of a stream is greater than a pedestrian; therefore, the most restrictive hazard criterion of 0.22 m 2 /s explained above will be taken as a safety measure for both pedestrians and vehicles.
Hydrological-hydraulic models
Hydrological and hydraulic models are approximations to a real system that enable studying the way the system operates and to predict its outcome, based on inputs and outputs of hydrometeorological variables (Chow et al. 1994) . During high rainfall, several hazardous streams flow along some urban stream channels rises to hazardous depths in the (Fig. 3) . A topographic survey was carried out on the route from the beginning of the stream to its mouth in the large Magdalena river, which floods the properties of the city's Naval School of Sub-officers. This topographic survey provides cross-sectional information for sections measured every 50 linear meters. Figure 4 shows the longitudinal profile of the stream, which has an average slope of 1.8% with respect to the highest and lowest levels.
The aim of the developed model is to calculate the velocity and water level at each cross section of the stream, considering that these variables are used to measure the hazard level. The model uses a small number of devices and does not need historical data, which implies that it can be used in ungauged basins, as is the case for most urban basins. The model uses the information of three rain gauges deployed at three different points along the stream's path (Fig. 5) . A photovoltaic system supplies power to the gateway that collects the rain gauge data and a GPRS module sends the collected data in real time to the web server. Since there is no historical data on water flows, levels and velocity, three-level sensors with radar technology were installed to measure water levels at the same locations as the rain gauges. The set of water level sensor, rain gauge, gateway and photovoltaic and communication system is called a node. These nodes are located on electricity poles in a manner that fulfills minimum safety distances for power distribution and recommendations given by the network operator. Figure 5 illustrates a node on an electric power pole, and Table 4 describes the electrical characteristics.
The rain gauges are double-tipping buckets with a resolution of 0.2 mm and precision of ± 4%. The temporal resolution is 5 min (Fig. 6a) . To avoid the effects of turbulence, debris flow and vehicular traffic, a radar level sensor that is not in contact with the flow was implemented. This type of sensor is specially designed for applications such as level measurement in water treatment systems, in pump stations as well as flow measurement The hydrological-hydraulic model is divided into three sections:
• Estimation of effective rainfall and peak discharge.
• Development of synthetic unit hydrograph.
• Calculations of water velocity and water level.
Effective rainfall and peak discharge
The model uses the Soil Conservation Service (SCS) method, currently National Resources Conservation Service (NRCS) to estimate the effective rainfall (SCS 1985) . The equation of effective rainfall or runoff is
where Q runoff (in), P rainfall precipitation (in), S potential maximum retention after runoff begins (in), S depends to the soil and cover conditions of the watershed through the curved number (CN). CN has a range of 0 to 100, and S is related to CN by:
Some factors determine runoff CN such as the hydrologic soil group (HSG), cover type, treatment, hydrologic condition and the antecedent moisture condition. The hydrologic soil is classified into four categories (A, B, C and D) according to runoff potential of bare soil after prolonged wetting: A (low runoff potential), B (moderately low runoff potential), C (moderately high runoff potential) and D (high runoff potential) (NRCS 2009).
The cover type and treatment of soil describe the type and condition of the vegetation cover. The hydrological condition refers to the capacity of the surface of the hydrographic basin to increase or prevent direct runoff. Good hydrologic conditions indicate that the soil usually has a low runoff potential for that specific hydrologic soil group, cover type and (2) and the selected CN, we calculate the effective rainfall Q.
The SCS synthetic unit hydrograph estimates the peak discharge (q p ) and flow time variation for effective rainfall Q (mm). The equation for q p is:
where q p is the peak discharge (m 3 /s), A is the basin area (km 2 ), T p is the peak discharge time (h)
T c is the time of concentration, which is the time required for runoff to travel from the hydraulically most distant point in the watershed to the outlet. The SCS has defined T c as:
where L is the longest path along which water flows from the watershed divide to the outlet (m), CN curve number and Y is the average watershed land slope (m/m). With the peak discharge (q p ) value and peak discharge time (T p ), the time variation of the flow (q) was determined using the synthetic unit hydrograph of SCS.
In order to select the curve number, the study basin was divided into four sub-basins to determine the impervious zones. A previous work developed by Arrieta and Fernandez (2015) determined the percentage of impervious zones for each sub-basin using the topographic survey and the information provided by the Geographic Institute Agustín Codazzi (IGAC) of Colombia, which regulates the availability and changes in the properties. The institute's Web site has a viewer with the cadastral map that shows the information of areas and lots built. The procedure performed to calculate the percentage of impermeability is described below.
1. Different polygons were selected from each sub-basin as shown in Fig. 7 . 2. Once the polygons were delimited, they were located in the IGAC viewer's plane and the area of the lot, the constructed area and the non-constructed area were determined. Figure 8 shows the IGAC viewer. 3. Using the plane of the city, the area of the streets built with rigid concrete was determined. 4. Once obtaining the values of hard zones (streets and built area per lot) the summation is done, then this is subtracted to the non-built areas and the exact value of the impervious areas is obtained. Finally, this area is divided between the total area of the polygon, thus obtaining the percentage of hard areas.
Synthetic unit hydrograph
The synthetic unit hydrograph developed by the SCS, presently NRCS, determines the time distribution of the runoff (Chow 1994 ). This hydrograph, based on the analysis of a large number of watersheds, has a similar shape to that of most flood hydrographs (Fig. 9) . The x-axis consists of dimensionless time units and y-axis of dimensionless discharge units (Chow 1994) . To find the abscissa of the hydrograph, the time ratio (t/t p ) is multiplied by the time to the peak (t p ); to find the ordinates of the hydrograph, the discharge ratio (q/q p ) is multiplied by the peak discharge (q p ). The value of q (m 3 /s) indicates the time variation of flow during the rainfall event.
Since there are three rain gauges, the model takes the highest value of these and creates a hydrograph corresponding to the selected value. Figure 10 illustrates the hydrographs corresponding to a rainfall event on September 17, 2015 with duration of 20 min and total precipitation of 11.4 mm, where t1 is the hydrograph of the first precipitation measurement starting at 0 min, t2 is the second registered precipitation starting 5 min after t1, t3 is the third, t4 is the last measurement and the total is the cumulative hydrograph of the rainfall event. The next step is to create cumulative hydrographs. Figure 11 illustrates four cumulative hydrographs, where t1 is the hydrograph of the first precipitation measurement; c1 is the cumulative for t1 and t2; c2 is the cumulative for c1 and t3; and c3 is the cumulative for c2 and the last measurement t4.
Calculation of water level and water velocity
The model uses the free hydraulic software HEC-RAS developed by Hydrologic Engineering Center of the US Army Corps of Engineers to perform the calculations of the water level and water velocity. Using information from the topographic survey as geometry data, the model performs a steady flow analysis with the first 15 flow measurements of the cumulative hydrographs. This predicts the hazard level for the next 15 min, because temporal resolution is 1 min, but the model allows adjusting this time prediction for up to 3 h later. Figure 12 illustrates the 15 first values of the hydrograph t1, and Fig. 13 illustrates the boundary conditions applied upstream and downstream.
The profile output table (Fig. 14) shows the time variation of water level, water velocity and flow for all cross sections.
The difference of water surface elevation (W.S. Elev) and minimum channel elevation (Min. Ch. El) is the water level (y) and the product of water level times Vel. Ch is the cross section's hazard level. 
The following Manning's equations (Chow 1994) calculate the water velocity and flow as a function of water level sensor measurements assuming rectangular cross sections 
Transformation of the forecast into a warning
The aim of an EWS is to provide real-time monitoring of the variables that are involved in different types of threats, the timing of decision making and propagation of warnings and information (Wächter et al. 2012; Falconer et al. 2009 ). In this project, three interconnected processes: acquisition, information processing and diffusion, describe the early warning architecture. Figure 15 illustrates the network architecture processes.
a. Acquisition This process involves the installation of nodes and their configuration and sending the information to the web server. To achieve this, it is necessary to take into account technical and social requirements for selecting proper devices and node installation. The following are the technical and social requirements for equipment selection and implementation:
• The transmission of the data has to be in real time.
• The measurements will be managed remotely and the sensors cannot be in touch with the stream. It is mandatory to avoid any impact with vehicles and debris dragged by the stream that can damage the sensors and introduce measurement errors.
• All the equipment must be weatherproof and be highly resistant to salinity and humidity, due to the environmental conditions of tropical climate.
• Wireless network coverage.
• Accessibility.
• Security against theft and damage.
b. Information processing The web server contains the model calculations to process the precipitation values, to produce the cumulative hydrographs, and to use HEC-RAS to calculate water level (y) and water velocity (v) for each cross section and obtain the /s) that determines the hazard level. The system allows remote configuration of the nodes. c. Diffusion Currently, in the city of Barranquilla there is no information system that timely informs the community about the state of the streams during the rain events. As non-structural measures, the administrations carried out the identification and signaling of the most hazardous streams in the city, but this has not been enough for people to make timely decisions in the face of the disaster. Therefore, the project described in this article is presented as a system that will allow the community to know during the rain event the hazardous level of the stream and make a decision.
A study conducted in Hong Kong investigated the information sources people would use during a disaster to make decisions that protect their lives (Kin et al. 2017 ). This study found that people over 65 prefer that information be sent through media such as television and radio, while younger people prefer media such as social networks. Another study conducted in the community of Kaijuri Union, Bangladesh, determined the preference of media for the dissemination of alerts in order to create a flood risk map (Fakhruddin et al. 2015) . This study agrees with the study in Hong Kong, where young people prefer to obtain information quickly through their mobile devices. Because flash floods are rapid formation, it is necessary that the information sent be clear, concise and arrives through rapid access information media such as mobile applications and text messages.
As previous work, a web platform was developed in Cama-Pinto et al. (2016) that displayed the hazard level information for a given point of interest as a traffic light sign (Fig. 16) . A green light means the stream is not dangerous and the red light means it is dangerous to cross the stream. The web platform updated the information every 3 min and provides information on several points along the stream path. It was carried out on the intensity, estimated runoff, water level and velocity for each observation point.
Taking into account the preference of younger people for the use of social networks as a media of disseminating alerts, an update was made to this tool with the sending of notifications via Twitter and Telegram app. Likewise, it allows to visualize the state of (2018) 92:1237-1265 1251 different points of the stream and indicates if it can be crossed or not by pedestrians and vehicles. In the following link, the described application is displayed www.isatbaq.com.co.
Results and discussion
The El Niño Southern Oscillation (ENSO) phenomenon is the most important phenomenon involving the ocean and the atmosphere in the tropical Pacific Ocean; it influences many countries with extreme rainfall and dry conditions, producing huge socioeconomic impacts (Davey et al. 2014; Zolotokrylin et al. 2016 ). The Colombian Caribbean was affected by ENSO during the years 2014 and 2015, which reduced the number of rainfall events in Barranquilla by 92.9% (IDEAM 2016). We selected two rainfall events: one with a short duration and low intensity and the other with prolonged duration and high intensity. Since there are no previous measurements of water level and water velocity for this basin, this study considered water level sensor (y m ) measurements as a reference value. Likewise, the reference values of water velocity (v c ) were calculated using cross-sectional geometry, Manning equations and water level sensor measurements. The radar sensor has a measurement error of ± 2 mm but is susceptible to various sources of errors such as strong winds during rainfall and transmission delays.
This study compares the measurements of the water level sensor (y m ) and the calculated water velocity (v c ) with water level and velocity results from the developed model named HEC-RAS/M, as well as hazard level (vy) results from HEC-RAS/M and the product of level measurements times water velocity calculations (v c *y m ).
Rainfall event 1
Table 5 presents the precipitation values of the rainfall event with duration of 20 min, and total precipitation of 11.4 mm.
Using the values of Table 5 , the model estimates the time variation of water level, water velocity, flow and the hazard level. Figures 17 and 18 compare the water level measured Since the selected hazard threshold for pedestrian is 0.22 m 2 /s, for node 1, the product of the water level sensor times the calculated water velocity (vc*y m ) detected that the stream became dangerous for pedestrians at 13:18 with a hazard level of 0.29 m 2 /s, 8 min after it started to rain. According to the HEC-RAS/M model, the stream became dangerous for pedestrians at 13:20, 2 min later (vc*y m ), which to these effects is considered the measured value. For node 3, the measured values and the proposed model did not display any difference in time for pedestrians; both registered the hazard level at 13:20, 10 min after it began to rain.
The criteria for vehicles obtained by Martínez-Gomariz et al. (2017) propose that for mini, light and compact vehicles the stream is dangerous when the ratio v*y reaches a value between 0.49 and 0.64 m 2 /s. For node 1, the stream reaches a value of 0.64 m 2 /s at 13:22, 2 min after the alert issued for pedestrians. Also, for node 3 the stream becomes dangerous for this type of vehicle at 13:22, only 2 min apart with the alert issued for pedestrians that are at that point.
Considering that the difference in time in which the stream becomes dangerous for pedestrians and vehicles is very small, the use of the most restrictive criterion that is used for pedestrians is ratified.
Rainfall event 2
Using cross-sectional geometry (width, curbs height, length and slope) and a Manning roughness coefficient of 0.015, peak discharge (q p ) for each cross section before overflow was estimated. The average slope of the channel is 1.8%, average curb height is 0.54 m and the width of the cross sections is in the range of 5.6-22.94 m. The peak discharge has range of 3. /s. Due to the high flow rate and the risk of overflow, as an emergency solution, people have built walls along the stream to avoid flooding and damage to their properties, thus changing the channel's geometry over time. Therefore, during high rainfall events overflow can occur in some cross sections, while not in others. Figure 23 shows the maximum flow for each cross section.
When peak discharge q p from an effective rainfall is greater than the maximum crosssectional peak discharge (Mq p ), overflow occurs, which makes it difficult to calculate the actual flow at the cross sections. Table 6 shows heavy rainfall with duration of 105 min and total precipitation of 87.6 mm. Using the proposed hydraulic model and Manning equations, the accumulated flow was calculated for each precipitation measurement. Comparing Fig. 23 and Table 6 , the flow starts to exceed the average cross-sectional peak discharge at 10:12 and from 10:28 to 10:53 the flow has exceeded the maximum capacity in all cross sections. With the HEC-RAS/M model, the accumulated hydrograph Figures 30 and 31 illustrate the effects of no considering the overflow in the cross sections by HEC-RAS/M; however, according to the results of Table 7 , this does not affect the hazard level alert for pedestrians. For node 1, both the proposed model and the measured values indicated that the stream became hazardous at 10:15, and it was no longer hazardous for the HEC-RAS/M model at 11:26, whereas based on measured output values the time was 11:19, a difference of 7 min. For node 3, the HEC-RAS/M model indicated that the stream became hazardous at 10:15, 4 min before the measured value. Lastly, the stream was no longer hazardous at 11:48 according to the measured values, whereas the proposed model indicated this condition at 11:52, a difference of 4 min. The hydrological and hydraulic model presented in this research (HEC-RAS/M) allows detection of the hazard level in real time in all cross sections using only the rain gauge information, the topographic survey and a communications system to transmit and display the warning to the community; therefore, water level and velocity sensors are not needed for a desired observation point. Likewise, this EWS does not require historical data, which make it Fig. 24 Water level variation at node 1 suitable for ungauged basins. Removing the water level sensor from the network architecture reduces data and power requirements.
Conclusions
1. This study developed an EWS to alert the community of the hazard level of flash floods formed during heavy rains in the streets of the city of Barranquilla, Colombia. This represents a non-structural risk mitigation measure to prevent pedestrians from being swept away by the torrent when they attempt to cross a flooded street. 2. An hydrological and hydraulic model calculated the water level, velocity and flow and their time variation at stream cross sections in an ungauged basin using only rain gauges and topographic survey data. The hydrological model applied the curve number method from NRCS to estimate the effective rainfall and the synthetic unit hydrograph to determine the cumulative time distribution of the runoff for each precipitation measurement. The hydraulic software HEC-RAS estimated the time variation of water level, velocity and flow using the cross-sectional geometry and cumulative runoff distribution for each precipitation measurement. This model has a temporal resolution of 1 min and spatial resolution of 50 meters and allows predictions for up to 3 h. Since the model does not need historical data, it is suitable for most urban basins. 3. During a rainfall event, the product of water level (y) times water velocity (v) vy is used to set the criteria to determine the hazard level of an observed point. The established hazard threshold for pedestrians is vy = 0.22 m 2 /s. The web platform displays a red light for values greater than or equal to the hazard threshold and a green light when this value is not reached. 4. The study selected two rainfall conditions and compared the hazard level results obtained by the proposed HEC-RAS/M model to reference values during these rainfall events. The first condition was rainfall of short duration and low intensity, and the other was rainfall of prolonged duration and high intensity. For rainfall condition one, at node 1 (cross section 93), the detected hazard level had a difference of 2 min compared to reference values and HEC-RAS/M results. For node 3 (cross section 40), no difference of time for hazard level was found between the two measurements. Rainfall of prolonged duration and high intensity causes overflow at most cross sections. HEC-RAS/M calculates the water level and velocity at each cross section without considering this condition; consequently, model values are greater than reference values. However, this condition does not affect hazard level detection, as the results for node 1 and 3 indicate. 5. In order to improve dissemination of the information, displays with hazard level information should be installed at certain points along the stream path and links should be established between the web platform and social networks. 
